Lipid oxidation is one of the major factors affecting meat quality. It promotes off-odor and off-flavor formation, color changes and quality deterioration of meat. Lipid oxidation causes the loss of nutritional and functional value and generates compounds that have negative effects on human health. Furthermore, lipid oxidation can diminish the sensory properties that are the main factors in consumer meat purchasing (Min and Ahn, 2005; McMillin, 2008) .
INTRODUCTION
may vary depending on the species and muscles, a study measuring the iron contained in various meat parts from different species is important.
Organisms have developed enzymatic defense systems that defend against lipid oxidation. Enzymatic defense mechanisms in meat occur through the activity of antioxidant enzymes including catalase (CAT), glutathione peroxidase (GPx) and superoxide dismutase (SOD) (Min et al., 2008) . CAT and GPx are considered the major peroxide-removing enzymes located in cytosol, while SOD plays role in the protection against damage resulting from superoxide anion radicals (Chan and Decker, 1994) . SOD and CAT are coupled enzymes, in which SOD scavenges superoxide anions by forming hydrogen peroxide, and CAT safely decomposes hydrogen peroxide to water and superoxide anions; GPx can decompose both hydrogen peroxide and lipoperoxides formed during lipid oxidation (Gatellier et al., 2004; Terevinto et al., 2010) .
Antioxidant enzyme activities differ among the meat of different species (Pradhan et al., 2000; Chen et al., 2012) and meat types (Hernandez et al., 2004) . Hernandez et al. (2004) noted that antioxidant enzyme activity also varied among animals of a single species as well as different genetic types. Although previous studies have reported enzyme activity and iron content of different species and meat parts, additional studies of species of native animals from specific locations may add new information in this research field. The objective of this study was to observe antioxidant enzyme activity, iron content and lipid oxidation in raw and cooked meat of Korean native chickens and other poultry.
MATERIALS AND METHODS

Sample preparation
Three Korean native chicken breeds including the Woorimatdak, Yeonsan ogye, and Hyunin black aged 12 weeks and three commercial poultry breeds including the broiler aged 5 weeks, White Leghorn aged 12 weeks and Pekin duck (Anasplatyrhyncos domesticus) aged 7 weeks were used in this study. Breast and thigh meat of the broiler, Woorimatdak and Pekin duck were purchased from a local market (Chuncheon, Kangwon province, Korea). The White Leghorn, Yeonsan ogye and Hyunin black were raised at a chicken farm at Seoul National University (Suwon, Korea) and were slaughtered manually. After slaughtering, the breast and thigh meat were obtained. Samples were packed aerobically in an oxygen-permeable resealable bag (polyethylene, 25×30 cm; Clean-wrap, Gimhe, Korea). The samples were kept chilled in an icebox and were transported to the laboratory of meat science, Kangwon National University. Samples were then stored at chilling room (2°C±1°C) overnight and were analyzed the day after. For the cooking studies, the samples were transferred to smaller oxygen-permeable resealable bags (polyethylene, 12.5×15 cm; Cleanwrap, Korea) and cooked in a 95°C water bath to an internal temperature of 75°C followed by cooling at 5°C for 4 h. The raw and cooked samples were chopped and immediately analyzed.
Antioxidant enzymes activity measurement
Catalase: CAT activity was measured by measuring the disappearance of H 2 O 2 characterized by a decrease in absorbance at 240 nm according to a modififed version of a method described by Aebi (1984) . A 5 g sample was mixed with 25 mL of 50 mM phosphate buffer (pH 7.0 at 25°C) using a homogenizer (Ultra-Turrax T25 basic, IkaWerke GmbH & Co., Staufen, Germany) for 15 s at 13,500 rpm. The mixture was centrifuged at 1,800×g at 2°C for 15 min. The supernatant of the mixture was taken and filtered through a Whatman filter paper No. 1. Then, 100 µL of filtered supernatant was mixed with 2.9 mL of 30 mM H 2 O 2 . The decrease in absorbance at 240 nm was recorded every 30 s for 3 min. The CAT activity was expressed as units/g sample.
Glutathione peroxidase: The GPx activity measurement was performed by homogenizing 5 g of a sample with 25 mL of 50 mM phosphate buffer (pH 7.0 at 25°C) using a homogenizer at 13,500 rpm for 30 s. The mixture was centrifuged at 1,800×g for 15 min at 2°C then filtered through a Whatman filter paper No 1. A volume of 100 µL of the supernatant was mixed with the following: 0.5 mL of phosphate buffer-0.001 M ethylenediaminetetraacetic acid-0.1 M NaN 3 , 100 µL of the assay mixture containing 5 units/mL glutathione reductase (Sigma G3664, SigmaAldrich, St. Louis, MO, USA) in phosphate buffer, 100 µL of 10 mM glutathione (Sigma G4251, Sigma-Aldrich, USA), 100 µL of 1.5 mM nicotinamide adenine dinucleotide phosphate (Sigma N1630, Sigma-Aldrich, USA), and 100 µL of 1.5 mM H 2 O 2 (Sigma H1009, Sigma-Aldrich, USA). The GPx activity was measured by recording the decrease in absorbance of the incubated mixture at 340 nm over 3 min. The GPx activity was expressed as units/g sample.
Superoxide dismutase: SOD activity was measured using a modified version of a pyrogallol autoxidation method described by Marklund and Marklund (1974) . First, 5 g of sample was homogenized with cold (4°C) phosphate buffer (pH 7.0 at 25°C) using a homogenizer at 13,500 rpm for 30 s. Then, centrifugation was performed at 1,800×g for 15 min at 2°C using a JA-20 rotor (Beckman Instruments, Inc., Palo Alto, CA, USA) in a J2-21 centrifuge (Beckman Instruments, Inc., USA). The supernatant was filtered through a Whatman filter paper No. 1. Then, 50 µL of filtrate was transferred to a crystal cuvette (light path: 1 cm) and mixed with 3.025 mL of 50 mM Tris-cacodylate-DTPA buffer (pH 8.2; 25°C) and 50 µL of 24.8 mM pyrogallol. The optical density was recorded at 420 nm every 15 s for 2 min. The SOD activity was expressed as units/g (U/g). One unit (1 U) of SOD represents the amount of SOD that is needed to auto oxidize 50% of the pyrogallol in the meat at 25°C and a pH of 8.2.
Iron contents measurement
Heme-iron: The Heme-iron content was determined according to the Hornsey method of total pigment (hematin) analysis with modification (Hornsey, 1956) . First, 10 g of sample was weighed into the 50 mL centrifuge tubes and was homogenized with 40 mL of acetone, 9 mL of distilled water and 1 mL of 11.3% HCl using a homogenizer at 13,500 rpm for 15 s. The homogenates were incubated in dark conditions for 1 h before centrifugation at 3,200×g for 10 min using a JA-20 rotor in a J2-21 centrifuge. The supernatant was filtered through a Whatman paper (GE Healthcare Life Sciences, Amersham, UK), and the absorbance was measured at 640 nm against a reagent blank using a spectrophotometer (UV-mini-1240, Shimadzu Corp., Kyoto, Japan). The absorbance was multiplied by a factor of 6,800 and then divided by the sample weight to give the concentration of the total pigment in the meat as µg hematin/g meat. The iron content was calculated with a factor of 0.0882 µg iron/µg hematin (Clark et al., 1997) .
Non-heme (free) iron content:
The amount of free iron in the meat was measured based on a modified version of the ferrozine method (Carter, 1971; Ahn et al., 1993) . A 5 g sample was homogenized with 45 mL of citrate phosphate buffer (pH 5.5) at 13,500 rpm for 30 s using a homogenizer. The homogenate was centrifuged at 3,500×g for 20 min using a JA-20 rotor and a J2-21 centrifuge. Next, 1 mL of the supernatant was mixed with 0.5 mL of freshly prepared 2% ascorbic acid in 0.2 N HCl and incubated at room temperature for 5 min. Then, the mixture was mixed thoroughly with 1.5 mL of 11.3% tri-chloroacetic acid followed by centrifugation at 10,000×g in an Eppendorf Micro 17R+ centrifuge (Hanil Science Industrial Co., Ltd., Incheon, Korea) for 10 min. Last, 1 mL of supernatant was mixed with 0.4 mL of 10% ammonium acetate and 0.1 mL of ferroin indicator followed by 5 min incubation. The absorbance was read at 562 nm against a blank. The free iron value was expressed as µg/g sample. The total iron was calculated by a summation of the heme iron and non-heme iron.
Lipid oxidation
Lipid oxidation of the raw and cooked meats was determined by measuring the thiobarbituric acid reactive substances (TBARS) value according to Sinnhuber and Yu (1977) . A 0.5 g ground sample was mixed with 3 drops of an antioxidant solution (3% BHA-54% propylene glycol-3% BHT-40% Tween20), 3 mL of a thiobarbituric acid solution (1% 4,6-Dihydroxy-2-mercaptopyrimidine), and 17 mL of 25% trichloroacetic acid. The mixture was heated in a water bath at 100°C for 30 min followed by cooling for 30 min. The mixture was then centrifuged at 2,400×g for 30 min. The absorbance value of the supernatant was measured at 532 nm using a spectrophotometer (UV-mini-1240, Shimadzu, Japan). The results were calculated as mg malonaldehyde/kg sample. Four measurements were performed on each sample.
Statistical analysis
Three animals per breed were used in this study; the breast and thigh meat from both the left and right sides were used as a separate sample in this study (n = 6). All data were expressed as the mean±standard error and were analyzed with a one-way analysis of variance procedure from SPSS 19.0 (SPSS Inc., Chicago, IL, USA) followed by Duncan's multiple range tests. The activity of antioxidant enzyme, iron content and TBARS values were significantly different among meat parts. The statistical significance was accepted at the 95% significance level (p<0.05).
RESULTS AND DISCUSSION
Antioxidant enzyme activity
The antioxidant enzyme activities, which included the activities of CAT, GPx, and SOD in raw and cooked breast and thigh meat are presented in Table 1 and 2, respectively. The CAT activity of raw thigh meat was higher than that of breast meat in the broiler, and the CAT activity of the thigh meat was higher than that of the breast meat of the Woorimatdak and Yeonsan ogye (p<0.05). Lee et al. (1996) reported a higher CAT activity from the thighs than from the breasts of turkey. Those data showed that the CAT activity of the meat, which are redder in all chicken breeds, was higher than breast, which is white. Muscle fibers can be categorized into two different metabolic types, oxidative (red) or glycolytic (white), based on their chemical composition and enzyme activities (Lawrie, 1979) . Renerre et al. (1996) showed a result that oxidative muscle had higher antioxidant enzyme activities than glycolytic muscle. While these results support increased antioxidant enzyme expression in the highly-oxidative environments of living tissues, it does not substantiate the role for these enzymes in postmortem muscle tissues or meat (Bekhit et al., 2013) . The breast meat of the Pekin duck had higher CAT activity than the thighs (p<0.05). Those findings were different from the results in chickens because both breast and thigh muscles of duck are categorized as dark meat. Compared to other species, CAT in poultry meat was lower than in both beef and pork muscle (Mei et al., 1994) . Meanwhile, the CAT activity of cooked meat was not detected in this study. Mei et al. (1994) reported that the CAT was completely inactivated in pork and beef when cooked to 80°C, just as it had been in ground turkey (Lee et al., 1996) .
The Pekin duck had the highest GPx activities of raw meat among poultry breeds. Daun and Akesson (2004) noted that duck meat is categorized as oxidative muscle (red muscle) which has more mitochondria and myoglobin than white muscle. In addition, oxidative muscle (red muscle) exhibits higher GPx activity than glycolytic muscle (white muscle) (DeVore et al., 1983) . The GPx activity of the Pekin duck meat was higher than that for chicken meat, and it ranged from three to ten times higher than that of any chicken breed studied. Our results were lower compared to previous findings from Hoac et al. (2006) who reported that the GPx activity in duck meat was approximately ten times higher than the GPx activity in chicken meat. In the Pekin duck, the GPx activity in the thigh and breast meat was not significantly different, while the thigh meat had higher GPx activity than other meat parts in all the chicken breeds. Our results are in agreement with DeVore et al. (1983) and Lee et al. (1996) who reported that oxidative muscle had higher GPx activities than breast meat. In particular, the GPx activities in the Yeonsan ogye and Hyunin black meat were lower than in the Pekin duck, Woorimatdak and White Leghorn, but were similar to the broiler.
Heating significantly decreased GPx activity in all meat parts of all poultry breeds. It was different from CAT activity, which was inactivated by cooking. The GPx activity in cooked meat samples was still detected; however, it was lower than in raw meat. The decrease in the GPx activity after cooking varied from 18% to 86%. The percentage of GPx activity reduction by cooking the breast meat of the Yeonsan ogye and Hyunin black was 18% and 27%, respectively. Those values indicate that the GPx activities in the breast meat of the Yeonsan ogye and Hyunin black seemed to be more tolerant against high temperature. Lee et al. (1996) reported that GPx activity decreased up to 96% after cooking. A greater decrease in the GPx activity after cooking was found for meat with higher GPx activities in the raw state. Thigh meat of the Yeonsan ogye and Hyunin black, and the breast meat of the broiler and Woorimatdak exhibited the lowest GPx activities among cooked chicken meat samples used in this study (p<0.05).
The SOD activity in the raw meat samples varied among meat parts and chicken breeds. The breast meat of the White Leghorn, Woorimatdak and Hyunin black had higher activity than that of their thigh meat (p<0.05). The breast and thigh meat of Pekin duck were not different. The breast meat of Woorimatdak and Pekin duck had higher SOD activity than the others, while only the thigh meat of Pekin duck had the highest activity.
Cooking reduced the SOD activities and no differences were found for the SOD activities in cooked meat with respect to the meat parts for the broiler, White Leghorn and Pekin duck. In the Hyunin black, cooked breast meat had higher SOD activities than did the thigh meat, but in the Yeonsan ogye, the breast meat exhibited a lower SOD activity than did the thigh meat (p<0.05). This, however, endogenous SOD that released from mitochondria during cooking are not strongly associated with the development of lipid oxidation in cooked pork and beef (Mei et al., 1994) .
Iron content and lipid oxidation
The iron content of breast and thigh meat are shown in Table 3 and 4, respectively. The thigh meat of the Woorimatdak, White Leghorn, Yeonsan ogye and Hyunin black breeds contained more iron than their breast meat. However, the breast meat of the Pekin duck contained more iron than the thigh meat. Lombardi-Boccia et al. (2002) reported that the oxidative meat contained more iron than the breast meat of the broiler and turkey. The presence of higher myoglobin and hemoglobin concentrations in oxidative meat is associated with this finding. Lombardi-Boccia et al. (2002) also reported that the heme iron contents markedly differed among the meat cuts; in chicken legs and wings, heme iron was higher than that of the breast meat and similar results were found for turkey meat. This report is in agreement with our findings, in which heme and non-heme iron content varied among meat parts of different chicken breeds and duck.
No difference in the content of heme iron was found in the raw meat parts of Hyunin black. The thigh meat of Yeonsan ogye and Woorimatdak, however, had more heme iron than breast meat (p<0.05), and the duck meat contained the highest amount of heme-iron than other breeds (p<0.05). Raw Pekin duck meat contained the highest total iron, followed by the raw meat of the White Leghorn, Yeonsan ogye, Hyunin black, broiler, and Woorimatdak. The cooked breast meat of the White Leghorn, Yeonsan ogye and Hyunin black contained lower heme iron content than the cooked thigh meat (p<0.05). This finding was in contrast with the results of the Pekin duck, in which the cooked breast meat had higher heme iron than the cooked thigh meat (p<0.05). The cooked thigh meat of the broiler and Woorimatdak contained higher heme iron than the breast meat of the same breeds (p<0.05). The non-heme iron data of the cooked meat showed that the thigh meat contained higher amounts than the breast meat in all poultry breeds excluding the broiler. Min and Ahn (2005) mentioned that the release of iron from myoglobin or heme complex is known to play role in lipid oxidation. Table 5 and 6 presents the iron release percentages after cooking and TBARS values of the breast and thigh meat, respectively. The heme loss ranged from 3.30% to 14.80% for breast meat and 6.40% to 14.00% for thigh meat. These losses varied among meat parts and poultry breeds, in which the same meat part of each breeds showed different iron loss percentages. The percentage of iron released after cooking was found higher in both breast and thigh meat of Hyunin black. For breast meat, White Leghorn, Hyunin black and Yeonsan ogye lost their heme iron higher than the others, while similar trend also was found in the thigh meat of Pekin duck followed by Hyunin black. Lombardi-Boccia et al. (2002) showed contrasting results with our findings, in which the decrease in iron in the breast meat of the broiler and turkey was less than for the leg and wing meat following pan cooking; however, the different cooking methods may be responsible for the differences in iron loss in this comparison.
No differences in the TBARS values of raw meat were found among chicken breeds (p<0.05). The raw meat of Pekin duck had exceptionally high TBARS values than all chicken breeds, in which the higher value was found in its breast meat instead of thigh meat. After cooked, the TBARS values of its breast and thigh meat were not different. For chicken breeds, the TBARS values varied among the meat parts of different breeds. The raw breast meat had the lowest TBARS values than the thigh of all chicken breeds. The cooked thigh meat of the broiler and White Leghorn had higher TBARS values than Korean native chicken (p<0.05), while no significant differences were found among Korean native chicken. Bekhit et al. (2013) reported higher oxidation levels in the oxidative-glycolytic and oxidative muscles (red muscle) compared with the glycolytic muscle (white muscle) due to higher mitochondria and myoglobin contents in the oxidative muscles.
CONCLUSION
The thigh meat of poultry breeds used in this study had higher CAT, GPx, and SOD activity and iron content than the breast meat. Among Korean native chickens, Woorimatdak showed higher antioxidant enzyme activity and lower released-iron percentage. However, the degree of lipid oxidation was similar. Further study is needed to observe the association between antioxidant enzyme activity, iron content and lipid oxidation in Korean native chicken grown with similar condition. Moreover, cooking inactivated CAT activity, decreased the activity of GPx and SOD, released iron from its heme-bound and promoted lipid oxidation.
CONFLICT OF INTEREST
We certify that there is no conflict of interest with any financial organization regarding the material discussed in the manuscript. 
